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Introduction 
Methimazole  is  one  of  the  most  effective  drugs  in 
managing  hyperthyroidism  in  humans.
1  However, 
serious  adverse  effects  such  as  hepatotoxicity  and 
agranulocytosis  accompany  its  clinical  use.
2,3  The 
mechanism(s)  by  which  methimazole  induces 
hepatotoxicity  is  not  clearly  understood  yet  and  no 
protective agent has been found to be effective against 
its toxicity. In some investigations, it has been shown 
that  reactive  metabolites  formed  during  methimazole 
metabolism could be the cause of cellular damage and 
toxicity. It was found that a kind of cytochrome P450 
enzyme might be responsible for biotransformation of 
methimazole  to  its  reactive  metabolite  that  could  be 
involved  in  cellular  damage  caused  by  this  drug  in 
olfactory  mucosa.
4,5  N-methylthiourea  is  one  of  the 
methimazole  metabolites  which  is  generated  by 
cytochrome  P450  enzymes  and  is  suspected  to  be 
responsible  for  methimazole-induced  hepatotoxicity.
6 
N-methylthiourea  is  further  metabolized  to  some 
reactive nucleophilic metabolites,
6 which are capable of 
binding to different cellular targets,
7 and causing cell 
dysfunction  and  toxicity.  In  another  study,  we  have 
shown  that  methimazole  cytotoxicity  towards 
hepatocytes  could  be  attributed  to  its  reactive 
intermediates.
8 
Reactive  metabolites  interact  with  many  cellular 
targets,  especially  proteins,  and  affect  cell  function. 
These  events  could  result  in  toxicity  and  finally  cell 
death. Glutathione is a thiol containing molecule that 
conjugate  with  electrophilic  reactive  intermediates  of 
xenobiotics  and  prevent  cellular  damage.
9  In  some 
experiments, it has been shown that glutathione had a 
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Purpose:  Methimazole  is  a  drug  widely  used  in  hyperthyroidism.  However, 
life-threatening hepatotoxicity has been associated with its clinical use. No protective 
agent has been found to be effective against methimazole-induced hepatotoxicity yet. 
Hence,  the  capacity  of  organosulfur  compounds  to  protect  rat  hepatocytes  against 
cytotoxic effects of methimazole and its proposed toxic metabolite, N-methylthiourea 
was evaluated. Methods: Hepatocytes  were prepared by  the method of  collagenase 
enzyme perfusion via portal vein. Cells were treated with different concentrations of 
methimazole,  N-methylthiourea,  and  organosulfur  chemicals.  Cell  death,  protein 
carbonylation,  reactive  oxygen  species  formation,  lipid  peroxidation,  and 
mitochondrial  depolarization  were  assessed  as  toxicity  markers  and  the  role  of 
organosulfurs administration on them was investigated. Results: Methimazole caused a 
decrease  in  cellular  glutathione  content,  mitochondrial  membrane  potential  (ΔΨm) 
collapse, and protein carbonylation. In addition, an increase in reactive oxygen species 
(ROS)  formation  and  lipid  peroxidation  was  observed.  Treating  hepatocytes  with 
N-methylthiourea  caused  a  reduction  in  hepatocytes  glutathione  reservoirs  and  an 
elevation  in  carbonylated  proteins,  but  no  significant  ROS  formation,  lipid 
peroxidation,  or  mitochondrial  depolarization  was  observed.  N-acetyl  cysteine, 
allylmercaptan, and diallyldisulfide attenuated cell death and prevented ROS formation 
and lipid peroxidation caused by methimazole. Furthermore, organosulfur compounds 
diminished methimazole-induced mitochondrial damage and reduced the carbonylated 
proteins. In addition, these chemicals showed protective effects against cell death and 
protein carbonylation induced by methimazole metabolite. Conclusion: Organosulfur 
chemicals  extend  their  protective  effects  against  methimazole-induced  toxicity  by 
attenuating oxidative stress caused by this drug and preventing the adverse effects of 
methimazole and/or its metabolite (s) on subcellular components such as mitochondria.  
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pivotal role in preventing methimazole-induced toxicity 
and this  drug caused  a severe  hepatic injury  in  mice 
depleted  of  glutathione.
10  Depleting  glutathione 
reservoirs had the same effects on the toxicity induced 
by methimazole in mice olfactory mucosa.
5 In another 
study, it was shown that methimazole inhibited  some 
forms  of  CYP450  enzymes  in  the  absence  of 
glutathione, probably by its reactive metabolites.
11 
2-propen-1-thiol  (Allyl  mercaptan),  and  Diallyl 
disulfide, are small sulfur containing molecules derived 
from  Allium  sativum  (garlic).
12  These  compounds  in 
contribution  with  other  molecules  are  responsible  for 
garlic odor and have been formed in breath after garlic 
ingestion.
12,13 It has been shown that organosulfurs had 
protective  properties  against  xenobiotics-promoted 
cellular  damage  and  oxidative  stress  in  many  cases 
such  as  carbon  tetrachloride  (CCl4),
14 
acetaminophen,
15,16  doxorubicin,
17,18 
cyclophosphamide,
19  and  aflatoxin  B1.
20  Another 
organosulfur  chemical,  N-acetylcysteine  (NAC)  has 
found  its  role  in  clinic  and  is  used  as  a  standard 
treatment  in  drugs-induced  hepatotoxicity  such  as 
acetaminophen intoxication in humans.
21 
Because of their protective roles observed in previous 
investigations  and  their  capability  in  scavenging 
reactive  species,
22,23  this  study  attempted  to  evaluate 
the beneficial effects of organosulfur chemicals against 
methimazole-induced  cellular  injury  in  an  in  vitro 
model of isolated rat hepatocytes. Cell death, reactive 
oxygen  species  (ROS)  formation,  lipid  peroxidation, 
protein carbonylation, and mitochondrial damage were 
considered  as  toxicity  markers  and  the  effects  of 
organosulfur  compounds  on  them  were  studied. 
Furthermore,  the  levels  of  cellular  reduced  and 
oxidized  glutathione  were  measured  to  evaluate  the 
ability  of  organosulfur  compounds  in  preventing 
methimazole-induced hepatotoxicity. 
 
Materials and Methods 
Chemicals 
Methimazole  was  purchased  from  Medisca 
pharmaceutique incorporation (Montreal, Canada). N-
acetyl  cysteine  (NAC),  2-vinyl  pyridine, 
Triethanolamine, Tris (hydroxymethyl) aminomethane, 
Oxidized glutathione (GSSG), and (4-(2-hydroxyethyl) 
1-piperazine-ethanessulfonic  acid  (HEPES)  were 
obtained  from  Acros  (New  Jersey,  USA).  Albumine 
bovine  type  was  purchased  from  Roche  diagnostic 
corporation (Indianapolis USA). 2-propen-1thiol (Allyl 
mercaptan), Diallyl disulfide (DADS), Rhodamine 123, 
5,5′-dithio-bis(2-nitro-benzoicacid)(DTNB),  2,4-
Dinitrophenyl  hydrazine  (DNPH),  Guanidine, 
2’,7’Dichlorofluorescin  diacetate,  Glutathione 
reductase from baker’s yeast, β-Nicotinamide adenine 
dinucleotide  (NADPH),  and  Collagenase  from 
clostridium  histolyticum,  were  obtained  from 
Sigma Aldrich (St. Louis, USA). Reduced glutathione 
(GSH), N-methylthiourea, Trichloro acetic acid (TCA), 
Ethyleneglycol-bis (ρ-aminoethylether)-N,N,N′,N′-tetra 
acetic  acid  (EGTA),  and  Trypan  blue  were  obtained 
from Merck (Darmstadt, Germany). Thiobarbituric acid 
(TBA) was obtained from SERVA (Heidenberg, New 
York).  All  salts  used  for  preparing  buffer  solutions 
were  of  analytical  grade  and  obtained  from  Merck 
(Darmstadt, Germany). 
 
Hepatocyte preparation 
Male Sprague–Dawley rats weighing 250–300 g were 
cared  in  plastic  cages  in  an  ambient  temperature  of 
25±3 
ºC. Animals were fed a normal diet and water ad 
libitum.  Collagenase  perfusion  method  was  used  to 
isolate  rat  hepatocytes.
24  This  technique  is  based  on 
liver  perfusion  with  collagenase  after  removal  of 
calcium  ion  (Ca
2+)  with  a  chelator  (EGTA  0.5 mM). 
Liver  was  perfused  with  different  buffer  solutions 
through the portal vein. Collagenase containing buffer 
solution  destructs  liver  interstitial  tissue  and  cause 
hepatocyte to be easily isolated in next steps. Isolated 
hepatocytes  (10 mL,  10
6 cells/mL)  were  incubated  in 
Krebs-Henseleit buffer (pH 7.4) under an atmosphere 
of 95% O2 and 5% CO2, in 50 ml round bottom flasks 
which continuously rotating into a 37 ºC water bath. 
Any of chemicals used for evaluating their protective 
effects,  caused  no  significant  toxicity  toward 
hepatocytes  as  compared  to  the  control  cells  when 
administered  alone  in  given  concentrations.  The 
animals were handled and used, according the ethical 
guidelines  of  Tabriz  University  of  Medical  Sciences, 
Tabriz, Iran. 
 
Cell viability 
Trypan blue dye exclusion staining was used to assess 
the  percentage  of  death  cells.
25  Hepatocytes  viability 
was determined at different time intervals to evaluate 
the effect of methimazole and N-methylthiourea on cell 
viability, determining LC50 (lethal concentration 50%) 
dose of the drugs and testing the protective effects of 
organosulfur compounds against cell death induced by 
methimazole or N-methylthiourea. Hepatocytes were at 
least 85% viable before their use. 
 
Reactive oxygen species (ROS) formation  
To  control  the  extent  of  ROS  formed  during 
methimazole  metabolism,  2, 7-dichlorofluorescein 
diacetate  (1.6  µM)  was  added  to  the  hepatocyte 
incubate.  DCFH-DA  became hydrolyzed  to  non-
fluorescent dichlorofluorescein (DCFH) in hepatocytes. 
Dichlorofluorescin  then  reacted  with  reactive  oxygen 
species  to  form  the  highly  fluorescent 
dichlorofluorescein. 1mL (10
6 cells) of hepatocytes was 
taken  and  the  fluorescence  intensity  was  measured 
using  a  Jasco
®  FP-750  spectrofluorometer  with 
excitation  and  emission  wavelengths  of  500  and  520 
nm, respectively.
26 
 
Lipid peroxidation Measurement 
Hepatocyte  lipid  peroxidation  was  determined  by 
measuring  the  amount  of  thiobarbituric  acid  reactive  
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substances (TBARS) formed during the decomposition 
of lipid hydroperoxides. After treating 1mL aliquots of 
hepatocyte  suspension  (10
6 cells/mL)  with 
trichloroacetic  acid  (70%w/v),  the  supernatant  was 
boiled  with  thiobarbituric  acid  (0.8%  w/v)  for  20 
minutes.  The  absorbance  of  appeared  color  was 
determined  using  an  Ultrospec
®  2000  UV 
spectrophotometer at 532 nm.
27 
 
Protein carbonylation assay 
Total protein-bound carbonyl content was measured by 
derivatizing the carbonyl adducts with DNPH at 30, 90, 
and 180 minutes. Briefly an aliquot of the suspension 
of cells (0.5 mL, 0.5 × 10
6 cells) was added to 0.5 mL 
of  0.1%  DNPH  (w/v)  in  2.0 N HCl  and  allowed  to 
incubate for 1 hour at room temperature. This reaction 
was stopped and total cellular protein precipitated by 
adding 1.0 mL of 20% TCA (w/v). Cellular protein was 
rapidly pelleted by centrifugation at 10,000 rpm, and 
the supernatant was discarded. Excess unincorporated 
DNPH  was  extracted  three  times  using  0.5  mL  of 
ethanol:  ethyl  acetate  (1:1)  solution  each  time. 
Following the extraction, the recovered cellular protein 
was  solubilized  in  1  mL  of  Tris-buffered  8.0  M 
guanidine–HCl,  pH  7.2.  The  resulting  solubilized 
hydrazones  were  measured  at  366–370  nm.  The 
concentration  of  2,4-DNPH  derivatized  protein 
carbonyls  was  determined  using  the  extinction 
coefficient of 22,000 M
-1 cm
-1.
28 
 
Mitochondrial membrane potential 
Mitochondrial membrane potential was assessed as an 
indicator  of  toxicity  induced  by  methimazole  or  N-
methylthiourea.  The  fluorescent  dye,  rhodamine  123 
was  used  as  a  probe  to  evaluate  the  mitochondrial 
membrane potential in rat hepatocytes. Samples (1 mL) 
were taken from the cell suspension at scheduled time 
points, and centrifuged at 1000 rpm for 1 minute. The 
cell  pellet  was  then  resuspended  in  2  mL  of  fresh 
incubation medium containing 1.5 µM rhodamine 123 
and gently shaked in a 37 ºC thermostatic water bath 
for  10  minutes.  Hepatocytes  were  separated  by 
centrifugation  (3000  rpm  for  one  minute)  and  the 
amount of rhodamine 123 appearing in the incubation 
medium  was  measured  fluorimeterically  at  490  nm 
excitation  and  520  nm  emission  wavelengths  using  a 
Jasco
® FP-750 spectrofluorometer.
29 
 
Determination of Hepatocytes GSH/GSSG content 
Hepatocytes  reduced  and  oxidized  glutathione  (GSH 
and  GSSG)  content  was  determined  using  enzymatic 
recycling method.
30 For determination of GSH, a 1 ml 
aliquot of the cell suspension (10 
6 cells) was taken and 
2 ml of 5% TCA was added and centrifuged. Then 0.5 
ml of Ellman’s reagent (0.0198% DTNB in 1% sodium 
citrate)  and  3  ml  of  phosphate  buffer  (pH  8.0)  were 
added.  The  absorbance  of  developed  color  was 
determined  at  412  nm  using  an  Ultrospec
®  2000 
spectrophotometer.  To  assess  the  hepatocytes
,  GSSG 
level, cellular GSH content was covalently bonded to 
2-vinylpyridine  at  first.  Then  the  excess  of  2-
vinylpyridine  was  neutralized  with  thriethanolamine 
and  GSSG  was  reduced  to  GSH  using  glutathione 
reductase enzyme and NADPH. The amount of GSH 
formed  was  measured  as  described  for  GSH  using 
Ellman  reagent  (0.0198%  DTNB  in  1%  sodium 
citrate).
30 
 
Statistical analysis 
Results are given as the Means±SE for at least three 
independent  experiments.  Statistical  analysis  was 
performed  by  a  one-way  analysis  of  variance 
(ANOVA) followed by a Tukey’s post hoc test (SPSS 
software; version 16.0). A P< 0.05 was considered as 
significant difference. 
 
Results 
Trypan blue exclusion test was used to determine the 
ability  of  hepatocytes  to  maintain  their  viability  with 
different  concentrations  of  methimazole  or 
N-methylthiourea,  alone  or  in  combination  with 
organosulfur compounds. It was previously found that 
methimazole  caused  cell  death  in  a  concentration 
dependent  manner.
8  The  concentration  in  which  the 
drug caused 50 % loss in hepatocytes viability (LC50) 
was found to be 10 mM (Table 1).
8 The LC50 for the 
methimazole metabolite, N-methylthiourea was 1 mM 
(Table  1).
8  To  determine  the  effects  of  organosulfur 
compounds  on  cell  death  induced  by  methimazole 
and/or  N-methylthiourea,  Diallyl  disulfide  (DADS), 
Allyl mercaptan, and N-acetyl cysteine were added to 
incubation  medium.  For  this  purpose,  the  LC50  of 
methimazole  (10  mM)  and  N-methylthiourea  (1 mM) 
were selected. 
It was found that NAC and the other two organosulfur 
agents, Allyl mercaptan, and/or DADS decreased cell 
death  induced  by  methimazole  or  N-methylthiourea 
(Table 1) (P<0.05). In another study on methimazole 
cytotoxicity,  we  found  that  depleting  glutathione 
reservoirs by using 1-bromoheptane
31 had a deleterious 
effect  on  methimazole  and/or  N-methylthiourea-
induced  cytotoxicity.
8  Only  5  µM  methimazole  was 
needed to cause 50% cell death in glutathione depleted 
cells  (data  not  shown)  and  all  glutathione  depleted 
hepatocytes  were  dead  when  1  mM  of 
N-methylthiourea was added to the cellular media (data 
not given).
8 These findings suggest the pivotal role of 
glutathione  in  preventing  methimazole-induced 
cytotoxicity.  N-acetyl  cysteine  effectively  prevented 
cell death in glutathione-depleted hepatocytes (data not 
shown).
8 
Since  glutathione depletion  had  a  dramatic  effect  on 
cell death induced by methimazole and its metabolite, 
cellular  glutathione  content  was  measured  to  further 
investigate if methimazole or N-methylhiourea toxicity 
is related to GSH reduction in hepatocytes. The results 
showed  that  hepatocytes  glutathione  reservoirs  were 
decreased  significantly  (P<0.01)  when  cells  were  
138  | 
Heidari et al. 
Advanced Pharmaceutical Bulletin, 2013, 3(1), 135-142  Copyright © 2013 by Tabriz University of Medical Sciences 
treated  with  methimazole  and/or  N-methylthiourea 
(Figure 1).
8 As previously showed in another study on 
methimazole,
8  this  might  indicate  the  importance  of 
this thiol containing molecule to detoxify methimazole 
metabolites and preventing cellular damage induced by 
this  drug.  The  presence  of  DADS  in  cellular  media 
prevented  glutathione  (GSH)  depletion  induced  by 
methimazole or its metabolite (P<0.05) (Figure 1). The 
amount of oxidized glutathione (GSSG) was elevated 
in  hepatocytes  treated  with  methimazole  (P<0.01) 
(Figure 2),  but there  was no  significant difference  in 
GSSG content between N-methylthiourea-treated cells 
and control group (Figure 2). Addition of 100 µM of 
DADS  to  cellular  medium  reduced  (P<0.0.05)  the 
amount  of  GSSG  formed  during  methimazole 
administration  (Figure  2).  Elevation  in  oxidized 
glutathione  in  cells  during  chemical  exposure  is  an 
indicator of the reactive oxygen species formation and 
occurrence  of  oxidative  stress  during  toxic  insult. 
Hence, the amount of ROS formation was evaluated to 
assess  if  methimazole  or  N-methylthiourea  caused 
oxidative stress in isolated rat hepatocytes.
8  
 
Table 1. Methimazole and N-methylthiourea cytotoxicity in freshly-isolated rat hepatocytes. 
  Cytotoxicity (% Trypan blue uptake) 
Incubation time (min):  60  120  180 
Incubate 
Control (only hepatocytes)  20±2  25±2  29±2 
   +  Methimazole 10 mM  43±2 
a  55±3
 a  68±4
 a 
           + N-acetyl cysteine 200 µM  23±3
 b  32±2
 b  35±3
 b 
           + Diallyldisulfide 100 µM  28±2
 b  39±3
 b  46±2
 b 
           + Allylmercaptan 200 µM  24±1
 b  33±2
 b  43±2
 b 
   + N-methyl thiourea 500 µM  29±4  38±5  54±3
 a 
   + N-methyl thiourea 1 mM  39±2
 a  54±1
 a  65±3
 a 
           + N-acetyl cysteine 200 µM  24±
 1 
c  28±2
 c  33±2
 c 
           + Diallyldisulfide 100 µM  28±2
 c  39±3
 c  58±1 
           + Allylmercaptan 200 µM  23±1
 c  40±2
 c  44±3
 c 
   + N-methyl thiourea 2 mM  48±3
 a  59±4
 a  75±7
 a 
Isolated rat hepatocytes (10 
6 cells/mL) were incubated at 37 °C in rotating round bottom flasks with 95 % O2 
and 5 % CO2 in Krebs-Henseleit buffer (pH 7.4). 
The results shown represent the Mean± SE for three independent experiments. 
a Significantly different from control group (P < 0.05). 
b Significant as compared to methimazole-treated group (P<0.05). 
c Significantly different from N-methylthiourea treated group (P<0.05). 
 
 
Figure  1.  The  effect  of  methimazole  on  hepatocytes  GSH 
content. DADS: Diallyldisulfide.  
Given  data  represent  Means±SE  for  at  least  three  separate 
experiments. 
* Significantly different from control group (P<0.01). 
a  Significantly  different  from  methimazole-treated  group 
(P<0.05).  
 
 
Figure  2.  The  level  of  oxidized  glutathione  (GSSG)  formed 
after  methimazole  and  N-methylthiourea.  DADS: 
diallyldisulfide. 
*
 Significantly different from control group (P<0.01). 
a  Significantly  different  from  methimazole-treated  group 
(P<0.05). 
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Treating  rat  hepatocytes  with  methimazole  caused  a 
significant  elevation  in  reactive  oxygen  species 
formation  (P<0.001)  (Figure  3).
8  N-methylthiourea-
treated  hepatocytes  showed  no  difference  in  ROS 
formation as compared to the control group (Figure 3).
8 
Administration  of  organosulfur  chemicals  decreased 
ROS  formation  (P<0.05)  induced  by 
methimazole (Figure 3).  
 
 
Figure  3.  Methimazole-induced  ROS  formation  in  rat 
hepatocytes and the role of organosulfur compounds. DADS: 
Diallyl disulfide. NAC: N-acetylcysteine. 
Data represent Mean±SE for three experiments. 
a Significantly different from control group (P<0.001). 
b  Significantly  different  from  methimazole-treated  group 
(P<0.05). 
 
Lipid peroxidation is a consequence of ROS formation 
and  oxidative  stress  in  biological  systems.
32  It  was 
found that a remarkable amount of thiobarbituric acid 
reactive  substances  (TBARS)  was  formed  in 
methimazole-treated  rat  hepatocytes  (P<0.001)  as 
compared  to  the  control  group  (Figure  4).  This 
indicated  the  lipid  peroxidation  induced  by  cytotoxic 
concentrations  of  the  drug.  N-methylthiourea  did  not 
cause  lipid  peroxidation  in  rat  hepatocytes.
8 
Co-administration of NAC,
8 and/or other organosulfur 
chemicals  considerably  prevented  (P<0.01)  lipid 
peroxidation caused by methimazole (Figure 4). 
The  formation  of  carbonyl  compounds  is  the  most 
general  and  widely  used  marker  of  protein  oxidation 
both in vitro and in vivo.
33 It was found that; protein 
carbonylation  induced  by  methimazole  was 
significantly  higher  (P<0.001)  than  the  control  level 
(Figure  5).  Co-administration  of  organosulfur 
compounds reduced the level of protein carbonylation 
in  methimazole-treated  cells.  The  methimazole 
metabolite,  N-methylthiourea  caused  an  increase  in 
carbonylated proteins (P<0.001) (Figure 5), which was 
significantly  diminished  (P<0.01)  when  organosulfur 
chemicals  were  added  to  hepatocytes  incubation 
medium (Figure 5).  
The  changes  in  mitochondrial  membrane  potential 
(ΔΨ)  as  an  important  parameter  of  mitochondrial 
function  were  assessed  previously  to  investigate  if 
cellular  mitochondria  are  a  target  for  methimazole 
and/or its metabolite.
8 The LC50 dose of methimazole 
(10 mM) caused mitochondrial depolarization (P<0.05) 
as measured with rhodamine 123 test (Figure 6).
8 This 
indicates  that  mitochondria  could  be  a  target  for 
methimazole  or  its  reactive  metabolite(s)  to  cause 
hepatocyte  damage  and  consequently  cell  death. 
However,  N-methylthiourea  did  not  cause  any 
significant  reduction  in  mitochondrial  membrane 
potential (Figure 6).
8 This finding suggested that other 
methimazole  metabolite(s)  rather  than 
N-methylthiourea might be responsible for the adverse 
effect of methimazole on mitochondria.
8 Organosulfur 
compounds  were  administered  with  methimazole  to 
investigate if they could alleviate mitochondrial injury 
induced  by  this  drug.  It  was  found  that  NAC,  Allyl 
mercaptan,  and  DADS  effectively  prevented 
mitochondrial  depolarization  (P<0.05)  caused  by 
methimazole (Figure 6). 
 
 
Figure  4.  Methimazole-induced  lipid  peroxidation  and  the 
effect of organosulfur compounds. MMI: Methimazole (Methyl 
Mercapto Imidazole) 
Data  are  shown  as  Mean±SE  for  three  experiments  as 
measured after 120 minutes. 
a Significant as compared to control (P<0.001). 
b  Significant  as  compared  to  methimazole-treated  group 
(P<0.01). 
 
Discussion 
Methimazole alone caused cell death in a concentration 
dependent  manner.  Methimazole-induced  cytotoxicity 
was  accompanied  with  ROS  formation,  lipid 
peroxidation, mitochondrial depolarization, and protein 
carbonylation.  Furthermore,  reduction  in  cellular 
glutathione  (GSH)  reservoirs,  and  increased 
hepatocytes
, oxidized glutathione (GSSG) content was 
observed  when  hepatocytes  were  treated  with 
methimazole.  The  suspected  methimazole  toxic 
metabolite,  N-methylthiourea  caused  cell  death 
concentration-dependently  and  reduced  cellular 
glutathione content. In addition, a significant amount of 
carbonylated proteins was formed in N-methylthiourea 
treated  hepatocytes,  but  no  ROS  formation,  lipid 
peroxidation  or  changes  in  mitochondrial  membrane 
potential  were  observed.  Co-administration  of 
organosulfur compounds diminished cell death induced  
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by methimazole or N-methylthiourea and reduced the 
consequences of methimazole induced toxicity such as 
ROS formation, lipid peroxidation, and mitochondrial 
damage.  
 
 
Figure 5. Protein carbonylation caused by methimazole and N-
methylthiourea  and  the  role  of  organosulfur  compounds. 
DADS: Diallyl disulfide; NAC: N-acetyl cysteine. 
Data  are  given  as  Mean±SE  for  three  independent 
experiments as measured after 30 minutes of incubation. 
a Significantly different from control (P<0.001). 
* Asterisks indicate significant differences as compared to drug-
treated groups (*P<0.05, **P<0.01 and ***P<0.001). 
 
 
Figure  6.  Methimazole-induced  mitochondrial  depolarization 
and the effects of organosulfur agents. 
Data represent Mean±SE for three separate experiments. 
a Different from control group (P<0.05). 
b  Significantly  different  from  methimazole-treated  group 
(P<0.05). 
 
Reduction  in  glutathione  reservoirs  in  hepatocytes 
treated  with  methimazole  or  N-methylthiourea,
8 
indicates  that  GSH  has  a  critical  role  in  detoxifying 
methimazole  metabolites  and  preventing  cellular 
damage.  In  previous  studies  it  has  been  shown  that 
glutathione  depletion  has  deleterious  effects  on 
methimazole-induced toxicity in olfactory mucosa,
5 or 
mice liver.
10 Our results in isolated rat hepatocytes are 
in  accordance  with  previous  studies  in  this  field.
8 
Furthermore,  our  findings  showed  that  methimazole 
caused  an  increase  in  ROS  formation,  lipid 
peroxidation,  and  reduction  in  hepatocytes 
mitochondrial membrane potential.
8 We found that the 
amount  of  oxidized  glutathione  (GSSG)  was 
significantly raised in methimazole-treated cells, which 
indicates  the  occurrence  of  oxidative  stress. 
Organosulfur  chemicals  such  as  diallyl  disulfide 
significantly prevented glutathione reduction caused by 
methimazole  or  N-methylthiourea  and  reduced  the 
GSSG formation  during  methimazole  toxicity  (Figure 
2). This might indicate the importance of organosulfur 
chemicals in alleviating oxidative stress and scavenging 
reactive  specie  to  prevent  the  consumption  of 
glutathione  as  one  of  the  main  cellular  defense 
mechanisms against toxic insults. 
N-methylthiourea as the suspected toxic metabolite for 
methimazole
6  did  not  caused  ROS  formation,  lipid 
peroxidation,  or  mitochondrial  depolarization.
8  These 
finding  suggest  that  other  methimazole  metabolite(s) 
rather  than  N-methylthiourea  are  responsible  for 
observed  adverse  effects  of  methimazole  in 
hepatocytes.
8  However,  it  has  been  shown  that 
N-methylthiourea is further metabolized through flavin 
containing monooxygenase (FMO) enzyme to produce 
sulfenic  acids.
6  Sulfenic  acid  species  are  reactive 
chemicals  that  covalently  bind  to  nucleophilic  sites.
7 
Conjugating of sulfenic acids with glutathione could be 
a  pathways  for  detoxifying  them  since  N-
methylthiourea caused reduction in cellular glutathione 
content  and  showed  a  sever  toxicity  profile  in 
glutathione  depleted  cells.  Binding  of  those  reactive 
species to different targets such as proteins may cause 
cellular  damage  and  toxicity.  We  found  that 
N-methylthiourea  caused  an  elevation  in  cellular 
carbonylated proteins level, which could be attributed 
to the cytotoxicity induced by N-methyl thiourea, and it 
is  after  head  toxic  metabolites.  Since  organosulfur 
agents  significantly  reduced  protein  carbonylation 
induced by N-methylthiourea (Figure 5), the protective 
effects  of  organosulfurs  might  be  attributed  to  their 
effects  on  cellular  protein  damages  caused  by 
methimazole  metabolite.  In  another  investigation,  we 
found that by administrating N,N-dimethylaniline as an 
FMO  enzyme  inhibitor,
34  the  toxicity  of 
N-methylthiourea  in  isolated  hepatocytes  was 
significantly reduced (Data not shown).
8 
The  insignificant  effect  of  N-methylthiourea  on 
hepatocytes  GSSG  content  supported  the  absence  of 
oxidative  stress  during  N-methylthiourea  induced 
toxicity.  This  finding  suggested  that  the  reduction  in 
hepatocytes glutathione (GSH) after treating cells with 
N-methylthiourea  was  due  to  conjugation  of  reactive 
metabolites with glutathione.
8  
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The effect  of methimazole  and  its metabolite  on  cell 
organelles such as mitochondria gives us an insight into 
the mechanisms by which this drug caused cytotoxicity 
toward  isolated  hepatocytes.  Mitochondrial 
depolarization  is  accompanied  by  energy  crisis  and 
releasing of apoptotic signaling molecules, which could 
finally encounter cell death.
35 The insignificant effect 
of  N-methylthiourea  on  mitochondrial  membrane 
potential  may  indicate  that  the  deleterious  effect  of 
methimazole on this organelle might be due to the other 
methimazole  metabolite(s)  rather  than 
N-methylthiourea.
8  Administration  of  organosulfur 
chemicals  might  provide  protection  against 
methimazole-induced  mitochondrial  damage  through 
their  activity  in  attenuating  oxidative  stress  and 
scavenging reactive species. 
The use of glutathione-like thiol containing molecules 
such  as  allylmercaptan  or  other  organosulfur 
compounds  seems  a  reasonable  choice  to  prevent 
methimazole-induced  toxicity  because  of  their  non-
enzymatic  activities.
36  These  compounds  could 
scavenge reactive species
37,38 and chelating metal ions, 
which might have a role in preventing oxidative stress 
and  lipid  peroxidation.
39  The  protective  effects  of 
organosulfur  chemicals  against  methimazole  and 
N-methylthiourea  could  be  due  to  their  capability  in 
scavenging  reactive  metabolites. Furthermore,  some 
organosulfur  agents  such  as  NAC  might  act  as  a 
glyoxal  tarp  and  hence  prevent  methimazole-induced 
cytotoxicity.
8  
It  seems  that  other  methimazole  metabolite(s) 
contributed  with  N-methylthiourea  to  induce 
cytotoxicity  and  the  major  part  of  organosulfurs 
protective  effects  in  methimazole-induced  toxicity 
might be due to their action against those metabolite(s). 
Further  investigations  including  mass  spectrometric 
analysis of conjugate formation is needed to elucidate 
subject. 
The  beneficial  effect  of  organosulfur  compounds 
against  methimazole-induced  toxicity  proposes  these 
agents as the subject of further studies for preventing 
different xenobiotics-induced liver damages, especially 
those accompanied with oxidative stress. 
 
Conclusion 
This study suggests that organosulfur chemicals extend 
their  protective  effects  against  methimazole-induced 
toxicity by attenuating oxidative stress caused by this 
drug. Furthermore, organosulfurs prevented the adverse 
effects  of  methimazole  and  its  metabolite(s)  on 
subcellular  components  such  as  mitochondria,  which 
might has a role in attenuating the cytotoxicity induced 
by methimazole or its metabolite. 
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